Despite the existence of an impressive body of work on human immune responses against ¢larial infections, the occurrence of a protective response to infection remains unclear. Here, we use a combined modelling and comparative data analysis framework to address this issue for human infections with the ¢larial parasite, Wuchereria bancrofti. By analogy with previous work, the analysis involves the comparison of observed ¢eld patterns of infection with epidemiological patterns predicted by a mathematical model of parasite immunity. Unlike most other human helminths, which are transmitted by ingestion or dermal penetration, exposure to infection with lymphatic ¢lariasis can be measured explicitly in terms of vector mosquito biting rates, thereby also allowing, probably for the ¢rst time, examination of the suggested role of exposure in generating herd immunity to macroparasites. Observed ¢eld patterns in this study were derived from 19 di¡erent published studies, which gave parallel estimates of community exposure rates and the corresponding age^prevalence patterns of infection, while predictions of the epidemiological impact of herd immunity were obtained using a catalytic model framework. The results provide the ¢rst conclusive evidence to date that variations in the observed age^prevalence patterns of infection in ¢lar-iasis can be e¡ectively explained by the occurrence of an exposure-driven acquisition of herd immunity. We discuss this result in terms of implications for the new World Health Organization-led initiative for the global control of this parasitic disease.
INTRODUCTION
The problem of whether humans mount a protective immune response to lymphatic ¢lariasis is important not only for basic understanding of the processes governing infection, but also because it is signi¢cant in the context of the new World Health Organization-led global initiative for controlling this parasitic infection of more than 120 million people, based on mass chemotherapy (Michael et al. 1996; Turner & Michael 1997) . However, despite the existence of a large body of work, which demonstrates unequivocally that ¢lariasis infection can elicit a wide variety of immune responses in humans, the evidence for the occurrence of a protective response to infection has so far remained equivocal (Ottesen 1992; Maizels et al. 1995) .
By contrast, the epidemiological impact of acquired immunity to helminth infection has been successfully investigated using mathematical models of host^parasite infection dynamics in conjunction with analyses of comparative age^infection data from ¢eld studies (Anderson & May 1985; Woolhouse et al. 1991; Fulford et al. 1992; Woolhouse 1994) . This work has shown that both simple and age-structured immigration^death models of macroparasite infection can provide testable predictions of the epidemiological e¡ects of acquired immunity on infection intensity. Analysis of human hookworm (Anderson & May 1985) and Schistosoma haematobium infections (Woolhouse et al. 1991) has predicted that acquired immunity, engendered by accumulated past experience of infection and acting to moderate the rate of parasite establishment, will cause age^infection pro¢les to become more convex in areas of higher transmission, resulting in larger and earlier peaks of intensity: the so-called`peak-shift' phenomenon (Woolhouse et al. 1991; Fulford et al. 1992) . Reductions in transmission, due to mass chemotherapy for example, will therefore act to diminish the peak intensity. However, they may also delay the onset of immunity and move the peak of intensity into an older age class (Anderson & May 1985) .
These studies assume that the observed age^infection pro¢le is a re£ection of the dynamic interaction between exposure and acquired herd immunity (Anderson & May 1985; Woolhouse et al. 1991 ). Yet the parasitic infections upon which these studies are based allow no direct estimates of exposure, which is estimated retrospectively from the levels of infection achieved, although attempts to examine the impact of water contact patterns on age patterns of infection have been made for schistosomiasis (Hagan 1992; Woolhouse 1994) . Parallel estimates of community exposure rates and age^infection pro¢les are, however, readily available for the mosquito-borne lymphatic ¢lariasis (Southgate 1992) , and thus allow not only the examination of the role of herd immunity in observed age^infection patterns, but also the direct examination of the proposed relationship between exposure and the generation of this immunity for this parasite.
Here we report on an analysis of human infection with W. bancrofti, which we believe provides the ¢rst explicit demonstration of exposure-driven occurrence of herd immunity in ¢lariasis. As with previous work (Woolhouse et al. 1991; Fulford et al. 1992) , the basic framework of analysis entailed the comparison of observed ¢eld patterns with predictions of a mathematical model describing the expected epidemiological e¡ects of acquired immunity. Unlike the previous studies, however, observed ¢eld patterns in the present study were elucidated from comparative analyses of data derived from independent surveys of bancroftian ¢lariasis published in recent parasitological literature.
METHODS
(a) The model In W. bancrofti infection, the primary measure of infection at the community level continues to be the age^prevalence relationship of micro¢laraemia (Mf ), which constitutes an indirect measure of the prevalence of adult worm infection (WHO 1992). Thus, the major approach to modelling the dynamics has been based on compartmental age^prevalence models (Hairston & Jachowski 1968; Vanamail et al. 1989; Bundy et al. 1991; Grenfell & Michael 1992) , which describe the change in proportions of micro¢laraemics (infecteds) and amicro¢laraemics (uninfecteds) through time in a cohort of individuals. With the basic model, an initially uninfected but susceptible proportion (X) gains infection at a per capita rate h' to become infected (proportion P) before losing the infection at a per capita rate ( (1/( lifespan of infection) to again become amicro¢laraemic. The e¡ect of acquired immunity can be incorporated into this framework by simply allowing the proportion recovering from infection to be resistant to further infection (proportion R). This is embodied in the twostage catalytic model (Muench 1959) , which by letting X, P, and R stand for susceptibles, infecteds and immunes, respectively, and assuming a constant population size, predicts changes in infection prevalence, P, of a cohort of individuals through age, a (equivalent to time), through the following set of linear di¡eren-tial equations:
Here, h' is the per capita rate at which individuals gain infection, or is the force of infection, and it can be linked to infective vector biting rates for the community by writing
where May* represents the annual infective biting rate (AIBR), and b, the coe¤cient of transmission (Dye 1986; Southgate 1992) . Given a constant b, the model assumes a proportional relationship between vector biting intensity and h', and thus explicitly allows the direct examination of the e¡ect of variations in exposure intensity in generating immunity to infection. The parameter ( in the model is the per capita rate at which infected individuals lose infection and become resistant, whereas represents the corresponding per capita rate at which these resistant individuals become susceptible to reinfection. For the special case of 0 (corresponding to permanent resistance), equations (1^3) can be solved to give P as a function of a:
provided h' 9 a (.
(b) Data sources
The present analysis required parallel ¢eld observations on ¢lariasis infection prevalence within age groups, P(a), and the corresponding community vector biting intensities. An extensive survey of the recent parasitological literature located a total of 19 studies on bancroftian ¢lariasis, with large enough sample sizes, meeting these data requirements. These surveys encompass the major endemic regions and vector mosquito species, as well as a broad range of local community and vector infection rates (see details in table 1).
(c) Data and statistical analyses
Blood sampling volumes used for estimating infection prevalence were found to di¡er between those studies with culicine transmission (20 ml), and those in which infection was transmitted by other mosquito species, notably anophelines (100 ml). To enable comparability of the observed infection prevalences, the data from studies using the smaller 20 ml blood sampling volume (see table 1) were transformed to re£ect sampling by the larger 100 ml blood volumes used by the rest of the studies, using the methods given by Hairston & de Meillon (1968) and Grenfell et al. (1990) . Brie£y, this uses the observed relationship between mean infection intensity and prevalence in conjunction with the parameter k of the negative binomial distribution, to estimate changes brought about in the prevalence as a result of blood sampling volume variations using the following equation:
where p(0) is the zero probability of the negative binomial distribution, " is the mean Mf count,V is the blood sampling volume (as a multiple of the di¡erence between comparison volumes (Grenfell et al. 1990) ) and k is the shape parameter of the distribution. Here, we use the simplest assumption and available evidence for mean intensity (Dreyer et al. 1992) ; that increasing the blood sampling volume from 20 ml to 100 ml increases both the mean intensity and the parameter k ¢vefold. The result is to increase the peak prevalences estimated from those studies sampled originally using 20 ml ¢nger-prick blood volumes. Note that a disproportionate e¡ect on k did not lead to a signi¢cant change in the depicted relationship; for example, a much lower twofold increase in k demonstrated a decrease of only 3^4% and 2%, respectively, for the higher and lower peak prevalences shown in the ¢gure for the culicine transmission sites. Peak prevalences, P(a*), from each study were estimated where possible by ¢tting quadratic logistic regression curves to the agep revalence data (Fulford et al. 1992) . Where the curvilinear regression appeared to be insigni¢cant, which corresponded only to those cases where observed peaks tended to occur in the oldest age classes (450 years), P(a*) values were estimated using the respective observed prevalence maxima (sample size in each case 450 individuals) (Woolhouse et al. 1991) .
The one-tailed, non-parametric, Spearman's rank correlation test was used to assess the observed relationships derived from the data between peak prevalence of infection and age of peak prevalence, and between the community infective vector biting rates and the above infection parameters.
RESULTS
The equilibrium age^prevalence curves generated by the model for varying rates of infection, h', are shown in ¢gure 1. They illustrate that the e¡ect of incorporating a resistant class has three main consequences as the infection rate increases. First, an increase in the convexity of the age^prevalence curve; second, an increase in the peak prevalence of infection, P(a*); and third, a decrease in the age of peak prevalence, a*. Assuming a proportional relationship between overall community infective vector biting intensity (AIBR) and h', these patterns will clearly Exposure and immunity to ¢lariasis E. Michael and D. A. P. Bundy 857 Proc. R. Soc. Lond. B (1998) Nathan et al. (1982) also re£ect the impact of increasing infective mosquito biting rates if acquired immunity plays a role in regulating infection. Predictions two and three imply a negative association between P(a*) and a* for communities with varying h' or mosquito biting intensity. The model predictions are compared with the observed ¢eld data in ¢gure 2. The results show that there is a statistically signi¢cant negative correlation between P(a*) and a* across the 19 studies for all mosquito species. Note that a qualitatively similar pattern was obtained for the untransformed data from the culicine transmission sites (not shown): the data transformation performed here using equation (6) merely allowed the comparison of these data with the largely untransformed data obtained from the other vector transmission sites. The plots in ¢gure 3 demonstrate that this pattern correlates with variations in mosquito biting intensity, although there appear to be between-vector species di¡erences in the observed patterns. Culicines appear less e¤cient than anophelines in transmitting ¢lariasis infection, as has been suggested on biological grounds (Southgate 1992 ).
DISCUSSION
The present analysis has shown conclusively, probably for the ¢rst time, that observed ¢eld infection patterns for bancroftian ¢lariasis are consistent with the occurrence and operation of an e¡ective herd immunity in endemic human communities. We further show that the e¡ect of this immunity is greater and occurs earlier in areas with a higher rate of mosquito biting. To our knowledge, these ¢ndings provide the ¢rst explicit demonstration to date that human acquired immunity to macroparasites is correlated with infection exposure (Anderson & May 1985; Crombie & Anderson 1985) .
Recently, it has been observed that epidemiological patterns predicted by models of parasite immunity could arise from the action of non-density-dependent factors (Fulford et al. 1992) . However, as pointed out by Woolhouse et al. (1991) , these factors are likely to in£uence patterns only if they vary systematically between studies, which appears most unlikely in the present analysis of independently collected data sets.
The predictions of the e¡ect of acquired immunity in the present study are based on the simplest assumption, that individuals who lose infection become refractory to further infection. Recent work (Bundy et al. 1991; Michael et al. 1994) suggests that immunity may not necessarily be long-term. Current understanding precludes the reliable modelling of this e¡ect, but note that the qualitative predictions of such a model would be similar to those of the present model especially if the rate of loss of immunity is not too large (Aron & May 1982; Woolhouse 1994) . Similarly, further biological information is also required to model reliably the e¡ects of other factors that may play a role in ¢lariasis infection, such as the impact of superinfections (Hairston & Jachowski 1968) , potential di¡erential e¡ects of immunity on Mf output (Grenfell et al. 1990) , and the possible impact of immunity on parasite survival. (5) with parameter values ( 0.1 (equivalent to a duration of ten years for infection (Hairston & Jachowski 1968; Vanamail et al. 1989) ) throughout and h' 0.01, 0.015, 0.02, 0.025 and 0.03 for curves labelled 1^5, respectively. The broken curve shows the shift in the predicted peak prevalence of infection, P(a*), with the predicted age of peak prevalence, a*. This relationship is produced entirely by variation in h'. These results have major implications for the growing global momentum to control ¢lariasis based on mass chemotherapy (Ottesen & Ramachandran 1995; Turner & Michael 1997) . The results following population dynamic analysis of the use of mass chemotherapy for other helminthiases of humans suggest that, if control is implemented at a level less than that required to eradicate the parasite, it has the potential to signi¢cantly reduce the level of herd immunity in a population and raise the infection burden in the older age classes above the levels pertaining before control, especially in areas of previously high transmission (Anderson & May 1985) . This is not an argument against control, but is a strong indication that it may be prudent to carefully de¢ne control components (e.g. target age groups and coverage), perhaps with the aid of model predictions, if ¢lariasis control is to be successfully implemented on a large scale.
This study indicates that gaining a more detailed understanding of the interrelationships between exposure, immune responses and the epidemiological e¡ects of control is likely to be crucial in this context. 
peak prevalence p(a*) (%)
age of peak prevalence a* (yr) Figure 3 . Relationships between community infective vector biting rates (AIBR) and (a) peak infection prevalence, P(a*), and (b) age of peak prevalence, a*. Symbols are as detailed in the legend to ¢gure 2. The graphs show that both relationships lie in the directions expected for a positive e¡ect of mosquito biting rate in generating acquired immunity to ¢larial infection, namely, in (a) a positive correlation between biting intensity and peak prevalence (statistically signi¢cant for both culicine transmission and transmission by other vector species: Spearman's rank correlation, r s 0.917, n 9, p50.01 and r s 0.892, n 10, p50.005, respectively (both one-tailed tests for a signi¢cant positive association)) and in (b) a corresponding negative association between the age of peak prevalence and biting intensity (Spearman's rank correlation, r s 70.763, n 9, p50.025 and r s 70.891, n 10, p50.005, respectively, for culicine transmission and transmission by other vectors (one-tailed test for a signi¢cant negative correlation in each case)). The depicted patterns support the occurrence of a proportional ( constant coe¤cient of transmission, b; see equation (4)) relationship between vector biting rate and the force of infection, h', and indicate that the generation of acquired resistance to ¢larial infection is correlated to variations in exposure intensity. The parameter b (equation (4)) or the coe¤cient of transmission is a function encompassing all the factors, from climatological to speci¢c host^vector^parasite responses, relevant to the transfer of infective larvae during a blood meal (Dye 1986; Southgate 1992 ). The relationships depicted in (a) indicate that this function may be signi¢cantly lower for culicines, supporting suggestions (Southgate 1992 ) that they are less e¤cient than other species, notably anophelines, in transmitting ¢lariasis infection. The broken curves in (a) represent simple scatterplot smoothers ¢tted by local regression in order to portray more clearly the observed between-vector species variation.
